Citation: Zhu Z, Hu Y, Liao C, et al. Perceptual learning of visual span improves Chinese reading speed. Invest Ophthalmol Vis Sci. 2019;60:2357-2368. https://doi.org/ 10.1167 PURPOSE. Evidence has indicated that the size of the visual span (the number of identifiable letters without movement of the eyes) and reading speed can be boosted through perceptual learning in alphabetic scripts. In this study, we investigated whether benefits of perceptual learning could be extended to visual-span size and sentence reading (all characters are presented at the same time) for Chinese characters and explored changes in sensory factors contributing to changes in visual-span size following training.
V
isual span is the limited number of letters that can be recognized accurately with a single fixation. 1 The visual span can be considered a ''window size'' limitation on reading based on the significant correlations between visual-span size and reading speed in both normal and visually impaired populations. [1] [2] [3] [4] [5] [6] The correlations between visual-span size and reading speed are also implicated in the reading development of English-speaking children. 7 Furthermore, the extension of the visual-span hypothesis across different print sizes and contrasts, testing eccentricities, different writing scripts (e.g., English and Korean), and various tasks (e.g., reading and face recognition) implies that visual span may be a common limitation in pattern recognition. 1, 2, [8] [9] [10] [11] [12] [13] [14] [15] [16] Previous studies have shown that the visualspan size can be enlarged through perceptual learning and that the attendant reading speed, measured using the rapid serial visual presentation (RSVP) paradigm, can also be improved with alphabetic scripts. 8, 11, 14, 15, 17 However, little is known regarding the impact of perceptual learning on visual-span size and reading performance for Chinese characters. In this study, we explored whether the benefits of perceptual learning could be extended to the visual-span size and reading speed for Chinese characters.
Visual perceptual learning is defined as long-lasting enhancements in performance on visual tasks through training and has been considered to be mediated by brain plasticity, which occurs not only during early development but also with aging. [18] [19] [20] [21] [22] [23] The effectiveness of visual perceptual learning has been validated in a variety of visual tasks, including motion detection, 24 global shape discrimination, 25 peripheral texture judgment, 26 multiple object searching, 27 stimulus orientation detection, 28 contour synthesis, 29 and contrast sensitivity discrimination. 30 Therefore, improvements in visual performance observed in previous studies have enabled investigations of such targeted, noninvasive practice and training to postpone, slow, or reverse declines in visual function. 31 Perceptual learning has been considered a low-level form of training, given its specificity to the trained features (e.g., orientation specificity) and location. 18 Furthermore, evidence from electrophysiological and neuroimaging studies has suggested that such training paradigms target specific subsets of V1 neurons encoding related features [32] [33] [34] [35] or improve specific V1 sensory signals. [36] [37] [38] However, recently, researchers have found that the effects of perceptual learning can be generalized to different stimulus locations and orientations. [39] [40] [41] [42] Importantly, some studies have documented that low-level training paradigms can improve high-level cognitive processes such as attention, reading fluency, and working memory recall ability. 8, 9, 11, 14, 15, 43 These results imply that high-level cognitive functions, such as reading, can be improved by basic perceptual learning.
One of the most common complaints in low vision clinics is slow reading, 44 even with the use of magnifying aids. One explanation for the slow reading rate is that most people with low vision, particularly among persons with vision loss in the central field, have to rely on their peripheral visual field to read, thus significantly reducing the efficiency of reading. 2, 8, 12 Legge and colleagues in 2001 2 measured the visual span of eight normally sighted subjects using the trigram (sequences of three random letters) letter-recognition task and confirmed a positive link between visual-span size and reading speed. A number of studies have further shown that the reading speed of subjects with normal vision or low vision can be increased by enlarging visual-span size through the trigram letterrecognition task. 8, 9, 11, 14, 15 Therefore, in the current research, we investigated whether Chinese text reading speed can be improved through perceptual training with the Chinesecharacter recognition task.
Three sensory factors have been proposed to limit visualspan size 4 : (1) decreased resolution, that is, declines in acuity at character positions farther from the fixation point; (2) crowding, that is, difficulty identifying target objects due to the contiguity of neighbors; and (3) mislocations, that is, mistakes with respect to relative position in a string of letters. Among the three sensory factors, crowding has been considered the major sensory factor contributing to compromised reading performance in the peripheral visual field. 45 In support of this view, He and colleagues 46 concluded that a considerable reduction in crowding, a small reduction in the magnitude of mislocation errors, and a negligible effect on visual acuity were the basis of the training-related improvement in reading speed for English text. However, whether patterns of these sensory factors change after training with Chinese text remains unclear. Therefore, we also explore these shifted patterns after training using a decomposition method of analysis (see Methods section).
A large number of studies have investigated the benefits of perceptual learning on visual-span size and the attendant reading speed measured using the RSVP paradigm. 8, 9, 11, 14, 15 Within this paradigm, the presentation duration and presentation location of the word are strictly controlled. Furthermore, reading performance at different eccentricities can be obtained using the RSVP paradigm. However, the RSVP paradigm limits eye movement and preliminary processing of forthcoming words, 47 which are significant aspects during sentence reading (where all words/characters are presented at the same time). 48 By contrast, sentence reading is a much more natural form of reading and allows readers to endogenously distribute attention and skip or refixate words. Importantly, an established relationship between the RSVP paradigm and sentence reading is still lacking. Nevertheless, evidence has confirmed a positive relationship between the visual-span size and reading speed in sentence reading. 49 Therefore, in our study, we used a sentence-reading mode to examine the benefits of perceptual learning on Chinese reading performance.
Of note, many differences in linguistic features exist between Chinese and alphabetic scripts. 50, 51 First, Chinese is a morphosyllabic writing system. A Chinese character, a boxshaped symbol, represents the basic unit of Chinese text.
There are approximately 2500 frequently used characters in Chinese in contrast to 26 letters in English. Second, complexity varies across different characters (there is a range of 1 to 64 strokes per character), 52 and the visual information packed into each Chinese character is much larger than that in each English letter. Last, but not least, Chinese text is written by a string of equally spaced characters and there is no extra space demarcating the word boundaries in Chinese; readers are forced to utilize linguistic/lexical knowledge to segment characters into meaningful words. Therefore, the current study investigated whether the benefits of perceptual learning on visual-span size and reading speed for alphabetic scripts can be observed in Chinese text. If the visual-span size can be enlarged for Chinese text through perceptual learning and the attendant reading performance can also be improved, we would further explore how sensory factors, such as resolution, crowding, and mislocations, explain the training-related improvements in the visual-span size and reading speed.
METHODS Subjects
Twenty-six native Mandarin speakers were recruited from the University of Sun Yat-sen (mean age [SD]: 23.5 [1.30] ; range, 21-27 years). All subjects were right-handed, with normal or corrected-to-normal visual acuity (best-corrected visual acuity in each eye: 20/20 or better) and no history of ophthalmologic (except for refractive errors), neurological, or psychiatric disorders. All of the subjects were naïve about the goals of the experiment and gave written informed consent prior to the experiment. The protocol was approved by the Institutional Review Board at the Sun Yat-sen University and was in accordance with the Declaration of Helsinki.
Apparatus and Stimuli
The stimuli were generated using MATLAB (MathWorks, Natick, MA, USA) with Psychophysics Toolbox extensions 53, 54 and presented on an ASUS monitor (VG278HE; refresh rate ¼ 144 Hz; resolution ¼ 1960*1080; Taipei, Taiwan, China). The stimuli were Chinese characters (Song font; white color) on a black background (24 cd/m 2 ). The Spyder calibrator (Datacolor, Lawrenceville, NJ, USA) was used to calibrate the correspondence between luminance and gray level. All stimuli were viewed binocularly from 60 cm in a dark room. The viewing distance was maintained using a chin rest and the subject's eye movements were recorded (monocular, right eye) using a desktop-mounted EyeLink 1000 system (sampling rate ¼ 500 Hz; spatial resolution ¼ 0.018; SR Research, Osgoode, Ontario, Canada). The stimulus size (defined as the height of a Chinese character) in the trigram character-recognition task and the sentence-reading task subtended 18 retinal angle, which is significantly above the acuity threshold in central vision. 55 The center-to-center spacing between adjacent positions in the trigram character-recognition task and between adjacent characters in the sentence-reading task were 1.1 times the width of the Chinese character (the width of the Chinese character: 18 retinal angle).
Experimental Design
Prior to the experiment, all subjects were tested with the Hanyu Shuiping Kaoshi (HSK; level 4), which is an official standardized test to evaluate Chinese language proficiency. All subjects scored above 95, indicating normal reading comprehension abilities, and were included in the formal experiment. The experimental protocol used in this study is shown in Figure 1 . The formal experiment consisted of a pretest (day 1), training paradigm (days 2-5), and a posttest (day 6). In the preand posttests, subjects completed a trigram character-recognition task for visual-span profile (VSP) measurements, and a sentence-reading task for reading speed measurements. To ascertain changes in VSP measurements and sentence-reading speed measurements attributable to the perceptual learning rather than to the effects of repetition, we randomly assigned the 26 subjects to two groups: a control group (n ¼ 13, age: 23.5 6 1.51 years) and a training group (n ¼ 13, age: 23.5 6 1.13 years; P > 0.05). All of the subjects received the pretests and posttests on day 1 and day 6. From day 2 to day 5, subjects in the training group received an additional 4 days of perceptual training. Standard semiautomatic calibration and validation procedures were conducted at the commencement of the experiment, after every 50 trials in the trigram characterrecognition task or 16 sentences in the sentence-reading task, or when repeated errors occurred during the fixation control phase.
Pre-and Posttest Visual-Span Profile Measurement
Through the trigram character-recognition task, we measured VSPs in the pre-and posttests. In each trial, a trigram (3 characters randomly selected from 26 characters in the C3 group [ Fig. 2 ] from Wang et al. 56 ) was presented on the horizontal midline (Fig. 3A) . Based on the perimetric complexity, 57 the 700 most frequently used Chinese characters (ordered by frequency in State Language Work Committee, Bureau of Standard, 1992) were split into five mutually exclusive groups. Twenty-six characters with complexity values close to the median complexity value in each group were chosen to constitute C1 to C5 subgroups. The median complexity subgroup (C3) was selected for the trigram character-recognition task in this study.
A total of 15 positions along the horizontal midline (Fig.  3A) , indicated by the position of the middle character in the trigram, were tested. The position on the central fixation was labeled 0, and left and right positions were labeled with negative and positive numbers, respectively. Each trigram position was tested 10 times in a randomized order, thus yielding a total of 150 trials in each block. The subject was initially shown the card with 26 characters in the C3 group and then told to remain fixated on the white dot or between the two vertically aligned green dots during the trials. Prior to the formal experiment, a practice session was conducted to ensure stable fixation. The white dot fixation point was displayed at the center of the black screen for 1000 ms (Fig.  3B) . Then, two vertically aligned green dots were presented in the center of the screen to maintain stable fixation until the end of each trial. Three underlines were displayed for 50 ms indicating the next trigram positions. After a 70-ms duration of the two vertical green dots, the trigram stimulus was presented on the screen for 250 ms. Then, the screen went blank, and the subject was required to report the three characters of the trigram, from left to right. The subject could refer to the card with the 26 characters in the C3 group when needed. A character was scored as being correctly recognized only when the subject reported the exact character and its correct position in the trigram. The subject pressed the space key to initiate the next trial. All of the subjects were encouraged to take a short break after completing 50 trials.
Combining the recognition scores at each of the character positions, that is, the left, middle, or right character of a trigram, we calculated the recognition accuracy at different positions. A trial was excluded if there was greater than 18 of retinal angle movement away from the fixation point based on the eye tracking analysis. However, the frequency of unstable fixation was very low (less than 15 [10%] trials per subject). After that, we fitted each data set using the split-Gaussian function. 2, 8 Of note, only 13 (À6 to þ6) positions were included for curve fitting, since there was no inner character of the trigram displaying at positions 67. Recognition probabilities at different positions x, P(x), were calculated by the following equation:
with A, r L , and r R representing the amplitude of the Gaussian curve and the standard deviation of the left and the right half of the Gaussian curve, respectively. The visual-span size was quantified using two methods: the width of the fitted split-Gaussian curve at 80% recognition accuracy (number of characters) and a measure of the area FIGURE 1. A schematic cartoon illustrating the basic experimental design of the study. A total of 26 subjects were randomly assigned to two groups: a control group (n ¼ 13) and a training group (n ¼ 13). The pretest and posttest consisted of measurements of sentence-reading speed and visual-span profile. Subjects belonging to the control group received only the pretest and posttest, while each subject in the training group took a pretest and a posttest with an intervening training procedure consisting of four sessions, scheduled on 4 consecutive days.
FIGURE 2. The stimulus set for the trigram character-recognition task selected from the C3 group in Wang et al. 56 Based on the perimetric complexity, 57 the 700 most frequently used Chinese characters (ordered by frequency in State Language Work Committee, Bureau of Standard, 1992) were split into five mutually exclusive groups. Twentysix characters with complexity values close to the median complexity value in each group were chosen to constitute C1 to C5 subgroups. The median complexity subgroup (C3) was selected for the trigram character-recognition task in this study.
under the split-Gaussian curve in bits of information transmitted (Fig. 3A) . Information transmitted in bits was computed through the following methods. 2, 58 In brief, the following equation could transform recognition accuracy to information bits: 59 Bits of Information ¼ À0:037 þ 4:676
Proportion Correct of Letter Identification ð2Þ
where recognition accuracy was linearly associated with bits of information. We then integrated bits of information transmitted across all positions of the VSPs. The information transmitted of the VSPs was further divided into three parts, representing foveal vision (interval À1 to þ1) and parafoveal vision to the left (interval À6 to À1) and to the right (interval þ1 to þ6) of midline. These subareas were used to test the effects of different regions in the visual field on reading performance.
Reading Speed Measurement
We quantified the effects of perceptual training on reading performance using a sentence-reading task in which all characters were presented at the same time (Fig. 4) . Reading speed was measured in the pre-and posttests. The sentences were chosen from the reading material of Liu et al. 60 Prior to the sentence-reading task, subjects were told to read the sentence as fast as possible and answer a comprehension question after each sentence. After a fixation calibration, the fixation dot was displayed at the center of the screen. Subjects pressed the space bar on the keyboard to initiate the sentence presentation on the horizontal midline of the computer screen. Subjects pressed the space bar again to signal the completion of the sentence reading and termination of the trial. Subjects read 80 sentences silently over five blocks according to the counterbalanced design. The number of total and unique characters for each sentence ranged from 18 to 32 (24.7 6 3.93) and 16 to 29 (23.2 6 3.42) characters, respectively. The same protocol was used to measure reading speeds in the posttest, but with a different set of 80 sentences. The number of total and unique characters for each sentence in the posttest ranged from 17 to 33 (24.2 6 3.98) and 15 to 30 (22.4 6 3.68) characters, respectively. There were no differences in the number of total characters and unique characters for each sentence in the reading materials before and after training (P > 0.05). The average complexity of the character (defined as number of strokes) was similar for the two sets of sentences (pretest: 7.50 6 0.55 strokes, range, 6.21-9.05 strokes; posttest: 7.35 6 0.74 strokes, range, 5.96-9.35 strokes, P > 0.05). There was 11.9% and 10.7% overlap of characters from the pretest and posttest sentences with those in C3 group.
Training
Subjects in the training group received training from day 2 to day 5 on the trigram character-recognition task as mentioned previously. Our training procedure consisted of 16 trigram character-recognition blocks and was conducted over four sessions (2400 trials in total). Subjects completed the training on 4 consecutive days, and each training exercise lasted 1.0 to 1.5 hours.
Data Analysis
Visual-Span Decomposition. The decomposition method was used to quantitatively assess the sensory factors underlying the visual span. The visual-span decomposition method has been described in detail elsewhere. 46 In brief, three VSPs with different criteria were plotted: a standard profile with both correct recognition of the character and its position in the trigram, a profile permitting mislocation errors, and a profile based on single-character recognition accuracy. The losses in information transmitted resulting from limitations in visual resolution, the impact of crowding, and mislocation errors Top: A string of three characters ( , , ) was presented at position 4 in the horizontal midline. The gray numbers indicate the position of each slot, which was not presented during the test. The size of visual span was quantified using two methods: the width of the fitted split-Gaussian curve at 80% of recognition accuracy (number of characters) and the measure of the area under the split-Gaussian curve in bits of information transmitted. Bottom: The visual-span profile was a plot of recognition accuracy by character positions and then transformed to information transmitted (bits). The recognition accuracy approached 100% at the fixation point and gradually dropped with increasing distance from the fixation point. (B) Schematic illustration of visual-span measurement. After the white dot fixation stimulus was displayed at the center of the black screen for 1000 ms, two vertically aligned green dots were presented in the center of the screen to maintain stable fixation until the end of each trial. Three underlines were displayed for 50 ms indicating the next trigram positions. After a 70-ms duration of the two vertical green dots, the trigram stimulus was presented on the screen for 250 ms. Then, the screen went blank, and the subject was required to report the three characters of the trigram in order, from left to right.
were computed by comparing these three types of VSPs with 100% perfect performance (Fig. 5) . The contribution of acuity was quantified by comparing 100% perfect performance and the single-character profile. The effect of crowding was assessed by the losses of information transmitted between the single-character profile and mislocation errors survival profile. The impact of mislocations was defined by comparing the mislocation error profile with the standardized profile. Previous studies 46, 56 concluded that the crowding imposed the largest impact on visual-span size and that there was only a negligible influence of visual acuity on both English and Chinese VSPs. Moreover, characters in this study were subtended to 18 retinal angle, which is significantly above the acuity threshold in 108 retinal eccentricities. 55 Therefore, we assumed perfect performance for single-character recognition.
Sentence-Reading Speed. The sentence-reading speed was calculated from the eye movement data in the sentencereading task. The total duration time (minutes) for presentation of each sentence was extracted from the eye tracking data. For each sentence, the average reading speed (characters per minute, cpm) was defined by the ratio of the number of characters in the sentence and total duration time (minutes).
Statistical Analysis
All statistical analyses were performed using Stata (ver. 14.0; StataCorp, College Station, TX, USA). Recognition accuracy in different character positions was fit using MATLAB 5.2.2 with an asymmetric or split-Gaussian function. Visual-span parameters (including visual-span size, peak amplitude, standard deviation of the left and the right half of the Gaussian curve, foveal area, parafoveal right area, parafoveal left area), reading performance measurements between control group and training group, and changes in these parameters following training were compared with linear mixed models (LMMs), where group, testing sessions, and their interaction were modeled as fixed effects and the deviation of each subject as a random effect. In these analyses, we corrected for multiple comparisons with the Bonferroni method.
RESULTS
At first, we compared the visual-span parameters and sentencereading speeds in the control and training groups, and no significant differences existed between the two groups in the pretest (all P values > 0.05).
Visual-Span Profiles
Subjects' performance for identifying characters in the control group and the training group are presented in Figure 6A , where the recognition accuracy of the characters (from À6 to þ6) is plotted by middle character position. Fitted split-Gaussian curves are illustrated in Figure 6B . Both the raw curves (Fig.  6A ) and fitted curves (Fig. 6B) showed that the visual-span size in the posttest was larger than that in the pretest in the training group, suggesting an enhancement in character identification performance across most character positions after training. The magnitude of visual-span size between pre-and posttest was consistent in the control group (pretest: 5.67 6 1.27 characters, posttest: 5.89 6 0.99 characters; Bonferroni corrected P > 0.05). However in training group, the visual-span size extended from 5.04 6 0.96 characters to 8.41 6 1.47 characters after 4-day training (Bonferroni corrected P < 0.001) (Fig. 7A) . The changes in the visual-span size following training were different between control group and training group (Bonferroni corrected P < 0.001 for interaction, Table 1 ). The visual-span size in bits of information transmitted in the posttest was statistically larger than that in the pretest in the training group (pretest: 32.8 6 3.99 bits, posttest: 44.4 6 3.89 bits; Bonferroni corrected P < 0.001); however, a similar amount of information was transmit-FIGURE 4. Schematic illustration of sentence-reading task. The sentences were chosen from the reading material of Liu et al. 60 Prior to the sentencereading task, subjects were told to read the sentence as fast as possible and answer a comprehension question after each sentence. After a fixation calibration, the fixation dot was displayed at the center of the screen. Subjects pressed the space bar on the keyboard to initiate the sentence presentation on the horizontal midline of the computer screen. Subjects pressed the space bar again to signal the completion of the sentence reading and termination of the trial. English translations were provided for illustrative purposes and were not shown during the experiment.
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ted in the pretest and the posttest in the control group (pretest: 35.2 6 4.70 bits, posttest: 36.3 6 3.81 bits; Bonferroni corrected P > 0.05; Fig. 7B ). The changes in bits of information transmitted through the visual span following training were different between the control and training groups (Bonferroni corrected P < 0.001 for interaction, Table 1 ).
The differences in other parameters of VSPs between the pre-and posttests in the control group were not significant (all P > 0.05). The peak amplitude (pretest: 0.97 6 0.04, posttest: 0.99 6 0.01; Bonferroni corrected P > 0.05; Fig. 8A ) and foveal area (pretest: 13.5 6 0.40 bits, posttest: 13.9 6 0.18 bits; Bonferroni corrected P > 0.05; Fig. 8D ) of the VSPs in the training group from the pretest and posttest were not significantly different. Figures 8B, 8C , 8E, and 8F illustrate the significant differences between the pretest and posttest in the training group: r L (pretest: 3.89 6 0.78, posttest: 6.21 6 1.14; Bonferroni corrected P < 0.001); r R (pretest: 4.41 6 0.61, posttest: 6.68 6 1.11; Bonferroni corrected P < 0.001); parafoveal left area (pretest: 8.70 6 2.14 bits, posttest: 14.6 6 2.24 bits; Bonferroni corrected P < 0.001) and parafoveal right area (pretest: 10.5 6 1.70 bits, posttest: 15.9 6 1.83 bits; Bonferroni corrected P < 0.001). The improvements in r L , r R , parafoveal left area, and parafoveal right area were statistically different between the control group and the training group (all Bonferroni corrected P < 0.001 for interaction, Table 2 ).
Decomposition Analysis
In the decomposition analysis (Fig. 9A) , the area representing the crowding effects (blue) was significantly larger than the area representing the mislocation effects (red). We also found a notable reduction in the area representing the crowding effects (blue) from the pre-to posttest in the training group. Statistical analyses also showed a significant reduction in the effects of FIGURE 5 . Schematic illustration of decomposition analysis. Perfect performance À standard profile ¼ resolution/acuity effect þ crowding effect þ mislocation errors effect. Acuity effect ¼ perfect profile À single-letter profile (green area). Crowding effect ¼ single-letter profile À mislocation profile (blue area). Mislocation effect ¼ mislocation profile À standard profile (red area). Three types of visual-span profiles were plotted: a standard profile with both correct recognition of the character and its position in the trigram, a profile permitting mislocation errors, and a profile based on single-character recognition accuracy. The losses in information transmitted resulting from limitations in visual resolution, the impact of crowding, and mislocation errors were computed by comparing these three types of VSPs with 100% perfect performance. The contribution of acuity was quantified by comparing 100% perfect performance and the singlecharacter profile. The effect of crowding was assessed by the losses of information transmitted between the single-character profile and mislocation errors survival profile. The impact of mislocations was defined by comparing the mislocation errors profile with the standardized profile. (Fig. 9B ). The reduction of crowding effects for the training group was statistically larger than that for the control group (Bonferroni corrected P < 0.001 for interaction, Table  2 ), while the changes of mislocation effects were similar between control and training groups. The impact of crowding and mislocation was similar in the pretest and posttest in the control group (all P > 0.05).
Sentence-Reading Speed
The average baseline sentence-reading speeds in the control group and the training group were similar in the pretest (control group: 340.9 6 131.7 cpm, training group: 319.0 6 74.2 cpm; P > 0.05). However, in the training group, subjects' reading speed increased significantly to 484.6 6 161.3 cpm after training, representing a 50.8% increase in reading speed (Bonferroni corrected P < 0.001). Subjects in the control group showed nearly identical average reading speeds in the pre-and posttest sessions (pretest: 340.9 6 131.7 cpm, posttest: 343.3 6 127.6 cpm; Bonferroni corrected P > 0.05) (Fig. 7C) . The mean improvement in sentence-reading speed was significantly higher in the training group than in the control group (Bonferroni corrected P < 0.001 for interaction, Table 1 ).
DISCUSSION
The main objective of the present study was to test whether the visual-span size for Chinese characters could be widened through perceptual learning, and if so, whether this expanded D) showed that the changes in the peak amplitude and foveal area of the visual-span profiles were not statistically different between pretest and posttest in the control and the training groups (all Bonferroni corrected P > 0.05). (B, C, E, F) showed significant differences between the posttest and pretest visual-span profile's parameters, including standard deviation r L and r R , parafoveal left area, and parafoveal right area in the training group (all Bonferroni corrected P < 0.001), as well as similar magnitudes in these parameters in the control group (all Bonferroni corrected P > 0.05).
visual-span size was associated with faster Chinese script sentence-reading speed. Our results indicated that after 4 days of perceptual learning, the visual-span size increased by 11.7 bits and the sentence-reading speed improved by 50.8%. Furthermore, our decomposition analysis revealed that 4 days of training induced an enormous reduction in crowding effects (À13.1 bits) but a minor increase in mislocation effects (1.46 bits). These findings suggested that perceptual learning improved the visual-span size and Chinese text sentencereading speed, indicating that visual span may be a sensory limitation in pattern recognition that can be overcome through training.
Our findings were consistent with previous studies, including those of Chung et al. 8 and Bernard et al., 17 who reported an increase in the visual-span size of 6 bits and 6.4 bits, and Yu et al. 15 and Lee et al., 11 who documented an improvement of the visual-span size of 4.7 bits and 8.8 bits following training. Different eccentricities where the trigram was presented (horizontal midline versus horizontal line 108 in the upper or lower visual field) may explain the relative larger improvement in visual-span size observed in the present study. The improvement in the reading speed in our experiment was slightly larger than the 41.0% in the study of Chung et al. 8 but slightly smaller than the 54.0% in the study of Yu et al., 15 83.5% reported by Lee et al., 11 and 63.6% reported by Bernard et al. 17 The differences in processing logographic and alphabetic scripts, the RSVP and sentence-reading paradigm, and testing eccentricities could explain these discrepancies. Of note, comparisons between results need to be cautious. According to the information transmitted calculation formula, 100% perfect performance in identifying character or letter equals 4.7 bits of information transmitted. The improvements in bits of information for each fixation after training may boost reading performance. The average number of letters for an English word is 5.1 letters, as for the Chinese language, it makes 1.5 characters. 61, 62 We may infer that one bit of information may have different impacts on Chinese and English reading performance. Further studies are needed to elucidate this speculation.
Exploring the effects of sensory factors on the visual-span size following perceptual learning is important to more deeply understand the attendant improvements on reading performance. Previous studies 46, 56 have reported a negligible impact of visual acuity on both English and Chinese VSPs. Moreover, the characters used in our study were subtended 18 retinal angle, which is well above the acuity threshold in 108 retinal Reference level: control group in the pretest. * Bonferroni corrected P < 0.001. eccentricities. 55 Therefore, we assumed the effects of visual acuity on the visual span to be zero and determined the crowding and mislocation effects in the analysis. Our decomposition analysis indicated that the enlargement in the visual-span size was related to a significant reduction in the crowding impact but a small increase in the mislocation effects. Our finding in terms of the decreased effects of crowding supported findings from Pelli et al. 45 and He et al. 46 These authors also showed a strong correlation between visualspan size and crowding, and a significant reduction in crowding effects after training. The mechanisms underlying the training-related reduction in crowding are unknown. However, based on the principle of crowding, we speculated that training may reduce the difficulty in identifying the target character between neighboring characters, reflecting either bottom-up 58, 63 or top-down 64 influences. Both the bottom-up and top-down proposals assert that crowding is excessive feature integration over an inappropriately large area. Based on the bottom-up proposals, the size of this area is anatomically fixed, therefore independent of attention and other factors. 58, 63 However, according to top-down proposals, the critical spacing related to crowding varies and is under attentional control. 64 Bernard et al. 17 found similar benefits of trigram training on letter recognition and maximum reading speed by using uncorrelated random trigrams and trigrams more specific to the reading task (correlated trigrams frequently found in everyday English usage), suggesting potential bottom-up influences. In contrast, He et al. 46 observed that the training effects could transfer from a trained visual field to an untrained one. Yu et al. 15 not only reported the transfer of learning from the trained visual field to an untrained one, but also observed the transfer of training across different print sizes. These results imply that nonretinotopic mechanisms and top-down influences are involved in the training effects. Nevertheless, the present study could not distinguish between these two explanations. Additional studies are needed to explore the mechanisms underlying the trainingrelated improvement.
Despite the consistent reduction in crowding effects following training, the impact of training on mislocation errors is still inconclusive. He et al. 46 demonstrated a minor reduction in mislocation errors after training. However, Xiong et al. 40 divided the mislocation errors into target misplacement (reporting a correctly identified target letter at a flanker location) and flanker substitution errors (reporting a flanker as the target letter), and found that the normalized target misplacement errors were increased rather than decreased, while the normalized flanker substitution errors were unchanged following training. Furthermore, after reanalyzing the data from He et al., Xiong et al. 40 concluded that mislocation errors were unchanged if normalized by the corresponding recognition errors. In the present study, we observed a small increase in the effect of mislocation errors. Even when our mislocation errors were normalized by the total error rates, we still found an increment in the normalized mislocation errors after training. We were unable to divide mislocation errors into target misplacement and flanker substitution errors in the present analysis. Nevertheless, we might speculate that the increment in the mislocation errors observed in the present analysis may be due to the enhancement in the target misplacement errors following training. Rather than reporting errors, the target misplacement errors might be more likely to reflect memory errors. 40 In the trigram recognition task, the subject was required to report recognizable characters within the trigram in order. With the relatively narrower Chinesecharacter visual span compared to alphabetic letters, 56 subjects were less likely to differentiate characters in the trigram presented farther away from the horizontal midline.
After 4 days of training, using an identical protocol to that used for alphabetic letters, the ability of character recognition in the visual periphery improved. However, the load of the working memory also increased, which might increase memory errors. Furthermore, based on the feature-integration theory, 58, 65 perceptual training reduced the abnormal integration of features between target and flankers; mislocation errors-as positional errors-might not be reduced. Therefore, our results were in favor of the feature-integration explanation of crowding.
Explanations of the attendant improvements in reading speed following perceptual learning remain inconclusive. Reading is completely different from recognizing letters/ characters. One possible explanation may be that the larger visual-span size improves the reading speed after perceptual training. Improvements in recognition accuracy following training may increase the information transmitted through the visual span. According to the information transmitted calculation formula, 100% perfect performance in identifying characters equals 4.7 bits of information transmitted. The additional bits of information transmitted for each fixation after training may boost reading performance. Moreover, there have been theoretical models 1,2,12 documenting significant associations between visual-span size and reading speed for different print fonts, contrast conditions, and testing eccentricities. In our previous analysis, we also found a positive relationship between the visual-span size and Chinese script sentencereading speed (correlation coefficient ¼ 10.3, P ¼ 0.021, data collected in 2017 and submitted for publication). In the present analysis, a strong positive correlation was found between the improvement of reading speed and enlargement of visual-span size (r ¼ 0.61, P ¼ 0.001). These results confirmed the link between letter/character recognition and reading speed, suggesting visual span as a sensory limitation in reading speed for different languages. Furthermore, in the present analysis, we found that readers' parafoveal right area below the VSPs and the standard deviation of the right half of fitted curves were significantly increased after training. The considerable improvement of the visual-span size in the reading direction may be beneficial for parafoveal preview and increasing processing reading speed by shortening reading times on the subsequent foveated word. 66, 67 However, in contrast to the research by Chung et al., 8 we did not find significant changes in the peak amplitude of the fitted curves after training. The training protocol utilized in the present study was presenting the trigram in the horizontal midline, and the peak amplitude across subjects approached 4.7 bits (100% recognition accuracy) prior to the training. Ceiling effects in performance may have existed in this study. In contrast to the present study, in the study of Chung et al., 8 the trigram was presented on a horizontal line 108 in the upper or lower visual field and the averaged peak amplitude was approximately 3.70 (80% recognition accuracy) in the pretest. Similarly, no significant differences were observed in the foveal area of the VSPs after training, which may also due to the ceiling effects in the foveal recognition performance. These findings indicated that the training-induced enhancement of reading speed in previous studies 8, 11, 14, 17 and the improvement in sentencereading speed in our study could be attributed to the changes in the VSPs.
However, some studies have indicated that the improvements in visual-span size and reading speed may be a consequence of general learning. 68 It has been reported that training can improve the ability to distribute attention effectively. [69] [70] [71] In contrast, Lee et al. 11 reported that allocating attention in peripheral vision was not correlated with improvements in the trigram recognition task after training. Another explanation for the improvements may be associated with gained experiences (e.g., practice effect). 72 Nonetheless, comparing the changes between the training group and the control group in our study can rule out the possibility that the improvements on the visual task are due only to performing the same task repeatedly.
Our findings offer encouraging evidence that sentencereading speed can be improved and crowding effects can be reduced following perceptual training. These findings have practical implications. First, reading speed is significant for the quality of and productivity in daily life. Second, Chinese patients with central vision loss who must use their peripheral vision to read may benefit from perceptual learning and improve their sentence-reading speeds. In China, the leading cause of central vision loss is age-related macular degeneration. A recent systematic review and meta-analysis reported that the prevalence of age-related macular degeneration in China ranged from 2.44% in people aged 45 to 49 years to 19.0% in those aged 85 to 89 years. 73 However, interpretation of our findings may be subject to the following limitations. First, without follow-up data, we cannot report on retention rates. However, evidence has suggested that subjects can preserve a large proportion of their improvements for at least 3 months. 8 Based on comparable results and the similar experimental design in the previous study, 8 we may speculate high retention rates for our subjects. Second, subjects in our study were young adults with normal vision; therefore the findings in this study may not generalize to patients with low vision, who are usually much older. However, a number of studies have reported that older people with vision loss can also benefit from reading speed training. 9, 74, 75 In summary, our study suggested that perceptual learning improved visual-span size and Chinese text sentence-reading speed. These findings indicate that the visual span is a common limitation in reading that can be overcome with training. Furthermore, we also revealed that a reduction in the crowding effect contributed to the improvements in visualspan size. Future studies investigating the cortical sites of perceptual learning will be useful to confirm these findings and elucidate the possible mechanisms.
